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(57) A phase modulator is provided in an externally 
modulated, feed-forward linearized, analog cable televi- 
sion (CATV) link for reducing fiber-induced composite 
second order (CSC) distortion components. The sys- 
tem is cbmpatit>le with existing commercially available 
modulators. CSC distortion is caused, in part, by . self- 
phase modulation of the transmitted signal in the fiber 
optic link. The problem is particularly prevalent when 
data is transmitted at a wavelength other than the mini- 
mum dispersion wavelength of the f ber. Moreover, CSO 



distortion increases with the length of the fiber optic link 
and with the optical intensity modulation index of the pri- 
mary modulator of the link. The phase modulator modu- 
lates an optical signal which is provided to the primary 
modulator in accordance with an optical phase modula- 
tion index k of an RF data signal to be transmitted. The 
phase modulator is effective with fiber optic links of var- 
ying lengths which carry amplitude-modulated vestigial 
sideband (AM-VSB) data signals such as cable televi- 
sion (CATV) signals. 
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Description 

BACKGROUND OF THE INVENTION 

The present invention relates to optical fiber com- 
munication systems, and more particularly to a tech- 
nique to compensate for fiber-induced distortion in an 
externally modulated, feed-forward linearized, analog 
cable television (CATV) link 

Various communication systems, such as CATV 
systems, currently distribute information signals via 
coaxial cable. The replacement of coaxial cable with 
optical fiber transmission lines in such communications 
systems has become a high priority. Production single 
mode fiber can support very large bandwidths and has 
low attenuation. Accordingly, a i'lbet optic distribution 
system or a fiber-coax cable hybrid would provide sub- 
stantially increased performance at a competitive cost 
as compared to conventional coaxial cable systems. 

In a CATV system, the information that is commu 
nicated is contained in a radio-frequency (RF) television 
signal. The use of a television signal comprising ampli- 
tude-modulated vestigial sideband (AM-VSB) subcarri- 
ers is prefenred in the distribution of cable television 
signals due to the compatibility of that format with the 
standards of the National Television Standards Commit- 
tee (NTSC). and the ability to provide an increased 
number of channels within a given bandwidth. AM-VSB 
transmission of television signals requires a carrier to 
noise ratio (CNR) of at least 40 dB. and preferably 60 
dB, to provide clear reception. 

Furthermore, the advent of commercially avaiiat)le 
rare earth fiber amplifiers, such as the Erbium-Doped 
Ftoer Amplifier (EDFA), has led to the consideration of 
systems that transmit AM-VSB television signals at the 
optical wavelength of 1 .550 nm. which is the wavelength 
at which EDFAs operate. However, most fiber links cur- 
rently installed utHize fiber that has a minimum disper- 
sion wavelength near 1,310 nm. In analog 
communication systems, transmission of a 1,550 nm 
signal in such a fiber link is sub-optimal due to fiber dis- 
persion. Moreover, illumination of the fiber with large 
optical powers such as those available from an EDFA 
introduces self-phase modulation which, in conjunction 
with fiber dispersion, causes high levels of composite 
second order (CSO) dispersion. Distortion is also 
caused by the particular AM-VSB signal which is being 
transmitted from the transmitter side of the link. Addi- 
tionally, external modulators, such as the Mach-Zeh- 
nder modulator, can exhibit residual chirping. This 
phenomerK)n, caused by asymmetric fiekl overlap 
between the two arms of the Mach-Zehnder structure, 
can contribute to phase modulation of the transmitted 
light wave. 

Furthermore, dispersion in an optical fiber may be 
of several varieties. Dielectric media such as optical fib- 
ers used to can^y light are not totally transparent. For 
example, glass is approximately transparent in the visi- 
ble region of the optical spectrum, but absorbs ultravio- 



let and infrared light. Propagation of light can be 
characterized by an absorption coefficient a. and a 
propagation constant p. The intensity of the lightwave is 
thus attenuated witii distance z according to the factor 
5 e'^^. and the phase changes with distance z according 
to the factor p. 

Dispersion is characterized by a change in the sus- 
ceptibility X. refractive index n. and speed of light c in the 
fiber as a function of wavelength X or frequency v of the 

10 transmitted radiation. The susceptibility % »s related to 
the permittivity e of the fiber according to e=£o(''+%) » 
where eq is the permittivity of free space. The refractive 
Index n is the ratio of the speed of light in free space Cq 
to the speed of light in the fiber c, e.g. . n=c q/c. 

15 A dispersive medium will therefore broaden a pulse 
of light since the different frequency components in the 
light will travel at different speeds. As a result, the pulse 
is carried over an Increasingly wider time interval. More- 
over, as the propagation distance increases, the disper- 
se sion will increase. A pulse of light having a free space 
wavelength of Xq will travel in the fiber at a velocity 
v=Co/N, which is tiie group velocity, where N=n-Xo 
dn/dXo is the group index. Thus, the pulse will be broad- 
ened at the rate \0^<yy^ seconds per unit distance, 

25 where is the spectral width of the light, and 
^x^' {XQ/CQ}d^n/d^XQ is a dispersion coeffident. 

Alternately, in terms of frequency v. the disper- 
sion coefficient is D^=-(X^ q/c^ o)d^n/dXo ^ since 
D dx = D ^ dv . For pulse propagation in optical f toers. 

30 Dx is commonly measured in units of ps/krrvnm (pico- 
seconds of temporal spread per kilometer of optical 
fiber length per nanometer of spectral widtii). while D^ is 
measured in units of sec/m-Hz. For example, at X=1 ,550 
nm, a conventional single-mode optical fiber such as 

35 SMF-28™ manufactured by Corning Incorporated of 
Corning. New York has a Dyj=M ps/km-nm. The zero 
dispersion wavelength of SMF-28™ is 1,310 nm. a^^ is 
measured in units of wavelength broadening per unit 
spectral width per unit distance {e.g., sec-nm/m). 

40 Furthermore, dispersion can be either normal or 
anomalous. Witii normal dispersion (D^ > 0). higher fre- 
quency components require a lortger travel time than 
lower frequency components. With anomalous disper- 
sion (Dy < 0), higher frequency components have a 

45 shorter travel time. In a typical fiber optics application 
with infreured light at 1.550 nm. normal dispersion 
occurs. 

There are four sources of dispersion in fiber optical 
communication systems, namely modal dispersion. 

50 material dispersion, waveguide dispersion, arKi rKMilin- 
ear dispersion. In a multimode fiber, the index of refrac- 
tion varies radially. Modal dispersion thus occurs due to 
the different group velocities Vq of tiie different modes 
radially in the fiber. Thus, a single mode light pulse 

55 entering a multimode fiber of length L will be spread into 
M separate pulses which are separated in time by an 
increment x-tVvq, where M is the total number of 
modes. Consequentiy. to avoid modal noise, single 
mode fiber is typically used in CATV applications. 
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3 EPOl 

Material dispersion is caused by the wavelength 
dependency of the index of refraction (n) of the fiber 
optic material. For example, even though a single-mode 
fiber has a uniform index of refraction, an optical pulse 
with different frequency components will experience 
spectral width spreading in the fiber due to different 
group velocities v of the spectral components. The tem- 
poral width of an optical pulse with spectral width 
after travelling a distance L in the ifber is related to the 
dispersion coefficient D;^^ by cr^= |D ;^^|a;^ L . 

Waveguide dispersion is a function of the relative 
size of the optical fiber and the wavelength of the trans- 
mitted light pulse. Waveguide dispersion is particularly 
important in single mode ffl^ers, where there is no multi- 
mode dispersion, and with X such that material disper- 
sion is relatively small. Since the phase velocities in the 
core and cladding of the optical fiber are different, the 
field distribution is a function of the ratio of the core 
radius to the light pulse wavelength, a/^. The temporal 
pulse broadening due to waveguide dispersion is |D^|a;^^ 
L, where D^y is a waveguide dispersion coefficient, 
defined by D^=-(1/27tCo)V^ d^p/DV ^ . p is the propa- 
gation constant of the light pulse, and V is a parameter 
which is characteristic of the fiber according to 
\/=27i(a/XQ)NA , where NA is the numerical aperture of 
the fiber. 

With nonlinear dispersion, the shape of a transmit- 
ted light pulse is altered as a function of the intensity I 
{e.g., amplitude) of the pulse. When the intensity of the 
light is sufficiently high, the refractive index n becomes 
intensity<lependent and exhibits nonlinear characteris- 
tics. That is, the high-intensity parts of the pulse will 
exhibit phase shifts which are different from the low- 
intensity parts, thereby also shifting the frequency of dif- 
ferent portions of the pulse by different amounts. 
Accordingly, the pulse shape is altered. 

Specifically, a nonlinear dielectric medium exhibits 
a nonlinear relationship between the polarization den- 
sity P and the electric field E of light travelling in the 
medium, where P and E can be time-varying. In a linear 
medium. F^BqxE. Nonlinear behavior is caused by 
changes in the dipole moment p or the number der^lty 
of dipole moments N, where P=Np . The relationship 
between p and E is linear when E is small, but becomes 
nonlinear as E reaches 10^ to 10® Volts per meter 
(V/m). which is comparable to interatomic electric fields. 
Moreover, the relationship between N and E is nonlinear 
when the number of atoms in the optical fber which 
occupy the energy levels involved in the absorption and 
emission of light depends on the intensity of the light, as 
in a laser 

However, since externally applied optical electric 
fields E are typically weak compared to characteristic 
interatomic or crystalline fields in an optical fiber, the 
nonllnearity between polarization P and the electric field 
E is also relatively weak. That is. if E is small, a Taylor 
series expansion about E=0 results in the relationship 
P = a^E + 1/2 aaE^ + 1/6 agE^ + ... , where the coef- 
ficients ai. a2, and are the first, second and third 
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derivatives of P with respect to E at E=0. These coeffi- 
cients are characteristic constants of the optical fiber 
medium. In particular, a^ is a linear term defined by 
^1 = ^oX> where x 'S the linear susceptibility. % is 

5 related to the refractive index n by n ^ = e/cq = 1 + x • 
a2 represents a second-order nonllnearity, and as repre- 
sents a third-order nonllnearity. 

Generally, the second order coefficient a2 indicates 
second-order harmonic generation in glass fibers 

10 doped with, for example, germanium or phosphorus. 

Third order nonlinear effects are related to the coef- 
ficient 33. Such a medium exhibits a cfiange in refractive 
index n in proportion to the optical intensity I according 
to n(l)=n+n2l. where n2=a3ii(/8n^eQ, t|o is the 

15 Impedance of free space, and l=VE . This effect, known 
as the optical Kerr effect, Is a self-Induced effect 
wherein the phase velocity of the wave varies as a func- 
tion of the wave intensity. As a result, a wave travelling 
in a third-order nonlinear media undergoes self-modula- 

20 tion {i.e., self-chirping or self-phase modulation). For 
example, a light signal with power Pwr and cross-sec- 
tional area A. travelling a distance L In the fiber, will 
exhibit a phase shift of <|ft=27cn2LPwr/XQA. Thus, the 
phase shift increases with the optical power Pwr and the 

25 length of the fiber link L 

However, the above analysis of nonllnearity must 
be modified to account for dispersion. A d^ersive. non- 
linear medium is said to have a memory since the polar- 
ization P(t) at time t results from an applied electric field 

30 E(t') at tinrie t*. where t' ^ t. In this case, the coefficients 
a2 and are not constants, but will depend on the fre- 
quency of the light wave travelling In the optical fiber. 

In view of the at)ove. there has been a focus on min- 
imizing distortion caused by nonlinear effects in the fiber 

35 itself. Including, In particular, composite second order 
(CSO) distortion ancH self-phase modulation. These dis- 
tortion components are also a function of the data signal 
which is carried over the fiber. For example, for an AM- 
VSB CATV signal. CSO distortion components will be a 

40 function of amplitude variations of the signal, cross- 
channel interference, the number of channels, the car- 
rier frequencies, and other factors. Moreover, in exter- 
nally modulated transmitters, the CSO is negligible at 
the transmitter, but increase in the fiber due to overlap- 

45 ping E fields In the optical data signal. By minimizing 
CSO effects, the distortion Introduced by the fiber can 
t>e reduced or eliminated. 

One solution has been to use electronic compensa- 
tion to minimize distortion products. That is. the RF 

50 modulating signal is modulated with a compensating RF 
signal before being applied to an optical modulator. This 
approach is not optimal, however, since the required 
amount of distortion compensation, or pre-chirping, is a 
function of fiber dispersion at the source laser operating 

55 wavelength, the length of the link fiber, and the detected 
signal power. 

Another approach has been to provide external 
modulation with single or multi-tone intensity and phase 
nKxiulation. For instance, a general formula has been 
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derived for CSO distortion that accounts for self-phase 
modulation, fiber loss, optical amplification and phase 
modulation. See, e.g. , C. Desem, "Composite second 
order distortion due to selfiDhase modulation in exter- 
nally modulated optical AM-SCM systems operating at 
1.550 nm," Electronics Letters. Nov. 24, 1994. Vol. 30, 
No. 24, pp. 2055-56; and, M.R. Phillips etai, "Nonlinear 
Distortion Generated by Dispersive Transmission of 
Chirped Intensity-Modulated Signals," IEEE Photonics 
Technology Letters. May 1991, Vol. 3. No. 5. pp. 481-83. 
both of which are incorporated herein by reference. 

However, previous approaches do not provide a 
system which is compatible with existing modulators 
used in an externally-modulated, feed-fonvard linear- 
izer. In a feed-fbnward linearization scheme, an exter- 
nally modulated fiber-optic link employs a pair of 
modulators, such as Mach-Zehnder modulators. See 
J.D. Farna of Photonic Applications, inc.. Bioomfield. 
Connecticut. **New Method for Electro-Optic Lineariza- 
tion of External Modulators," lEEE/LEOS 1995 Digest of 
the LEOS Summer Topical Meetings. August 7-11, 
1995. 

With feed-fonward linearization, a single optical 
source drives the two modulators, namely a primary 
modulator in a first arm and an error-correcting modula- 
tor in a second arm of the linearizer. A radio-frequency 
(RF) data signal to be transmitted {e.g., a CATV signal) 
is applied to the primary modulator. The output of the 
primary modulator is a composite signal that contains 
both the fundamentals and the distortion products gen- 
erated within the modulator. A feed-fonward network is 
employed to compare this composite output signal with 
the RF data signal. The feed-fonrard network then gen- 
erates a corresponding error signal comprising the dis- 
tortion products which is fed into the error-correcting 
modulator. The error-correcting modulator provides a 
con'esponding optical error signal which is then pro- 
vkjed to an output optical coupler. At the coupler, the 
distortion products are subtracted from the composite 
signal to produce a substantially distortion-free trans- 
mission signal. The transmitter is thus said to be linear- 
ized. 

Furthermore, to avoid optical interference at the 
optical output coupler, the signals in the first (primary} 
and second (error-correcting) arms of the feed-forward 
linearizer must be combined incoherently. This can be 
accomplished by rapidly scrambling the phase of the 
optical signal in the error-correcting arm at a frequency 
{e.g. . 2 GHz) which is well above the CATV band {e.g., 
approximately 50 to 550 Mhz for a typical 77-channel 
system). Thus, in the CATV band, the optical signal in 
the second arm of the linearizer is effectively depolar- 
ized. In particular, a depolarizing phase modulator is 
provided in the second arm of the linearizer prior to the 
error-correcting modulator. The depolarizing phase 
modulator also results in broadening of the iinewidth of 
the optical data signal and, consequently, the reduction 
of Stimulated Brillouin Scattering (SBS). Moreover, in 
some feed-forward linearizers. the first arm of the linear- 



izer also includes a phase modulator, but, convention- 
ally, this is not used since there is no need for additional 
SBS suppression in the first arm of the linearizer. 

The feed-forward approach thus, in principle, allows 

5 for the correction of all orders of distortion at the trans- 
mitter. Accordingly, large intensity optical modulation 
indexes (OMIs) can be realized. An OMI of 4.5% has 
been reported for an eighty channel NTSC scheme. In 
comparison, under similar conditions, the best reported 

10 OMI for an electronically linearized system is approxi- 
mately 3%. 

Furthermore, it is known that the CNR of the fiber- 
optic link is proportional to the square of the intensity 
OMI. Thus, a large OMI such as that ok>tainable in the 

15 feed-forward linearization approach is highly desirable 
for long distance communications (e.g., several kitom- 
eters). In such an application, the aforementioned 
EDFAs with an optical power of at)out 16 dB are typi- 
cally employed at the transmitter end of the link as a 

20 booster amplifier, and at periodic locations in the fiber 
link as line amplifiers {e.g., every 50 km). In this config- 
uration, system performance is limited by CSO distor- 
tion (including self-phase modulation) in the fiber, and 
by phase modulation of the modulator due to residual 

25 chirp. Moreover, while CSO distortion is negligible at the 
transmitter, it can increase to unacceptably large levels 
along the fiber. Additionally. CSO distortion becomes 
worse as the OMI is increased. 

Thus, it would be desirable to provide a technique 

30 for minimizing CSO distortion in a long distance fiber 
optic link, while maintaining the OMI at an acceptable 
level. The technque shoukJ be compatible with a feed- 
fonward linearization system, and should reduce or sub- 
stantially cancel all CSO distortion components in the 

35 f toer. Moreover, the technique shouki be applicable to a 
fiber optic link where the optical signal is transmitted at 
a sub-optimal wavelength, i.e., where the transmission 
wavelength is not the same as the minimum dispersion 
wavelength of the particular ffoer used. The technique 

40 Should also be compatible with fiber links of varying 
lengths which can-y AM-VSB data signals, and shouW 
allow the use of existing commercially avallat^le modula- 
tion devices. 

The present invention provides a method and appa- 
45 ratus for reducing distortion components in an exter- 
nally-modulated fiber optic link with feed-fon«vard 
linearization having the above and other advantages. 

SUMMARY OF THE INVENTION 

50 

In accordance with the present invention, a method 
and apparatus for reducing fiber-induced composite 
second order distortion components in an externally- 
modulated fiber optic link with feed-fonvard linearization 
55 is presented. 

The apparatus reduces distortion components in an 
RF data signal carried in a ffoer optic link, where the 
transmitter of the link comprises a feed-fonward linear- 
izer. The linearizer includes a primary modulator in a 
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first optical path, and an error-correcting modulator in a 
second optical path. The first and second optical paths 
carry a common coherent optical power signal such as 
that from a laser. A phase modulator is provided in the 
first optical path between the optical power source and s 
the primary modulator, and an RF data signal with a 
phase optical modulation (OMI) index k is used to drive 
the phase modulator 

The apparatus is particularly adapted for use where 
the RF data signal is an amplitude-modulated, vestigial io 
sideband (AM-VSB) signal such as that used in CATV 
transmission, where the data signal is transmitted over 
the fiber optic link at a carrier wavelength other than the 
minimum dispersiori wavelength of the fiber optic link. 
For example, tiie RF data signal may be transmitted at 75 
a carrier wavelength of approximately 1 ,550 nm, where 
the fiber optic link has a minimum dispersion wave- 
length of approximately 1 ,31 0 nm. 

A feed-forward linearizer for reducing distortion 
components in an RF data signal carried in a fiber optic 20 
link is also disclosed. The linearizer receives a coherent 
optical power signal such as that from a laser. A divider 
splits the optical power signal into to a first optical path 
and a second optical path, where there is a primary 
modulator in the first optical path and an error-correct- 25 
ing modulator in tiie second optical path. Additionally, a 
first phase modulator is provided in the first optical path 
between the divider and the primary modulator, and a 
second phase modulator is provided in the second opti- 
cal path between the divider and the en^or-conrecting 30 
modulator. 

The linearizer further includes a first RF line for pro- 
viding the RF data signal to the first phase modulator, a 
second RF line for providing the RF data signal to the 
primary modulator A combiner of a feed-forward circuit 35 
of the linearizer receives the RF data signal via a third 
RF line. A detector is located in the linearizer which 
receives an optical output from the primary modulator, 
and provides an RF comparison signal from the detec- 
tor to the combiner over a fourth RF line. At the com- 40 
biner an error signal is created and then provided to the 
error-conecting modulator over a fifth RF line. A sixth 
RF line provkles a depolarizing signal to the second 
phase modulator Moreover, an optical output coupler 
receives a first optical signal from the primary modulator 45 
via the first optical path, and a second optical signal 
from the error-correcting modulator via the second opti- 
cal path. The coupler then provides a corresponding 
optical data signal for transmisston over the fiber optic 
link. so 

A method for reducing distortion components in an 
RF data signal carried in a fiber optic link comprises 
providing a coherent optical power signal in a first opti- 
cal path and a second optical path. The optical power 
signal in the first path is phase modulated according to 55 
a phase OMI k of the RF data signal. The phase-modu- 
lated optical power signal in the first optical path is then 
amplitude-modulated according to an intensity OMI m of 
the RF data signal. The optical power signal in the sec- 
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ond optical path is depolarized, and the depolarized 
optical power signal in the second optical path is ampli- 
tude-modulated in response to a feed-forward lineariza- 
tion error signal. Next, the amplitude-modulated and 
phase-modulated optical power signal of the first optical 
path is combined with the depolarized and amplitude- 
modulated optical power signal in the second optical 
path to provide an optical data signal for transmission^^ 
over the fiber optic link. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is block diagram of a conventional fiber 
optic communication link. 

Rgure 2 is block diagram of a feed-forward linear- 
izer in accordance with the present invention. 

Figure 3a is graph showing the reduction in com- 
posite second order (CSO) distortion as a function of 
frequency in accordance with the present invention. 

Rgure 3b is graph showing the reduction in com- 
posite second order (CSO) distortion for a link length of 
100 km in accordance with the present invention. 

Rgure 3c is graph showing the reduction in com- 
posite secorxJ order (CSO) distortion for a link length of 
1 15 km in accordance with the present invention. 

DESCRIPTION OF THE PREFERRED EMBODI- 
MENTS 

The present invention relates to a method and 
apparatus for reducing fiber-induced composite second 
order distortion components in a fiber optic linK where 
the link is driven witii an externally modulated, feed-for- 
ward linearization configuration. 

Rgure 1 is block diagram of a conventional fiber 
optic communication link. A transmitter, shown gener- 
ally at 10. transmits an RF data signal to a receiver 60 
over an optical fiber path 30. The transmitter 1 0 includes 
a laser 12, which is typically a continuous wave device 
such as a distritxjted feedk»ack (DFB) laser or a Fabry- 
Perot laser that lases, for example, at A^1,550 nm. 
Coherent radiation from the laser is provided to a nKxl- 
ulator 16 via optical path 14. The modulator 16 may 
comprise a single modulator such as a Mach-Zehnder 
modulator, or may comprise more than one modulator 
such as in a feed-forward linearizer. The modulator 16 
also receives, via terminal 18 and line 20, an RF data 
signal such as an amplitude nxxiulated vestigial side- 
band (AM-VSB) cable television (CATV) data signal. 
Moreover, when a feed-forward linearizer is used, a 
depolarizing signal is provided to the modulator 16 via 
terminal 22 and line 24. The depolarizing signal is used 
to depolarize the optical input to an enror-correcting 
modulator (not shown) in the modulator 16. 

An optical data signal which can-ies the RF data 
signal is provided via line 26 to an amplifier 28. The 
amplifier 28 may be, for example, an erbium doped fiber 
amplifier (EDFA). The amplified optical data signal is 
provided via optical path 30 to the receiver 60. The opti- 
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cal fiber transmission path 30 may be a long-distance 
path extending over several kilometers. In this case, line 
amplifiers such as ED FA 28 may be provided periodi- 
cally in the line in order to boost the signal to desired 
levels. At the receiver 60. an amplifier (not shown) may 5 
be provided to boost the incoming optical signal if 
required. The boosted signal is then demodulated at the 
receiver 60 to recover the RF data signal at tine 50. 

Rgure 2 is block diagram of a feed-fbnward linear- 
izer in accordance with the present invention. Solid lines 
indicate an RF signal is carried, while dashed lines indi- 
cate an optical path. The linearizer, shown generally at 
200, includes a continuous wave laser 202 which pro- 
duces an optical carrier at a wavelength X. The laser 
202 may comprise, for example, a rare earth laser, such 
as an Erbium laser, which lases at X=1 ,550 nm. Further- 
more, the laser may be of the Fabry-Perot, Distributed 
Feedback (DFB). Distributed Bragg Reflector (DBR). or 
other known variety. 

The laser 202 provides an optical carrier on optica! 
path 204, which communicates with a first optical path 
206 and a second optical path 220 via, for example, an 
optical divider or coupler (not shown). In accordance 
with the present invention, a phase modulator (PM) 208 
receives the optical signal on path 206. The phase mod- 
ulator 208 also receives an RF data signal, such as an 
AM-VSB CATV signal, from a splitter 250 via line 252. 
However, the entire spectrum of the RF data signal, 
which nray include frequency components from 50 to 
550 MHz, for example, need not be provided on line 
252. A filter may be provided in the splitter 250 or on line 
252 that passes only a portion of the RF data signal. In 
particular, the upper portion of the RF data signal spec- 
trum may be provided to the phase modulator 208 to 
reduce CSO distortion in the corresponding upper 
bands of the transmitted optical data signal at line 218. 
In fact, as discussed below, CSO distortion is more 
prevalent at higher carrier frequencies. 

The PM 208 adjusts the phase of the optical signal 
received via optical path 206 in accordance with a 40 
phase optical modulation index (OMI), K of the RFdata 
signal in order to cancel or reduce CSO distortion com- 
ponents which will be introduced into the optical data 
signal which is carried over optical path 218. Further- 
more, once the desired phase OMI k is determined, the 45 
RF data signal provided to the phase modulator 208 via 
line 252 may be pre-conditioned by adjusting its phase 
arKi amplitude. Accordingly, phase and annplitude 
adjusting means (not shown) may also be provided on 
line 252 for adjusting the phase and amplitude, respec- so 
tively, of the RF data signal that is input to the PM 208. 
The phase-modulator 208 thus provides a phase modu- 
lated, or pre-chirped. optical signal to the primary mod- 
ulator 212 via optical path 210. 

The RF data signal is also provided to the primary ss 
modulator 21 2, via line 256. The primary modulator 212 
modulates the optical signal from path 210 in accord- 
ance with an intensity OMI, m, of the RF data signal, 
and provides an intensity (e.g., amplitude) modulated 



optical signal via optical paths 214 and 240. The signal 
on paths 214 and 240 is a composite signal that 
includes both the fundamentals and the distortion prod- 
ucts generated v«thin the primary modulator 212. The 
composite signal of path 214 is provided to an optical 
output coupler 216. while the composite signal of path 
214 is provided to a detector 242. 

The detector 242 converts the conriposite optical 
signal of path 240 into a corresponding RF signal on line 
244 for comparison with the RF data signal provided on 
line 254. A combiner 246 receives the two RF signals 
and provides an error signal to an error-correcting nrrod- 
ulator 230 via line 248. Thus, a feed-fonward network is 
descrS^ed. Commonly, the feed-lbrward error signal on 
line 248 is tKX)Sted using an amplifier (not shown). 

The error-con^ecting modulator 230 intensity-modu- 
lates an optical signal received via path 228 to provide 
the optical signal of path 232 to the coupler 216. The 
coupler 216 then outputs an optical data signal for 
transmission at path 218, which may comprise an opti- 
cal fiber. The optical fiber 218 is preferably a single- 
mode fiber such as SMF-28™ manutectured by Coming 
Incorporated. Note that the optical error-correcting sig- 
nal of path 232 is typically much smaller in amplitude 
compared to the fundamental signal of path 214. so it is 
reasonakDie to assume the eiror-con-ecting signal does 
not experience a significant fil3er-induced distortion. 
Pre-chirping of the error signal is therefore proksably 
unnecessary for link lengths up to one hundred kilom- 
eters, but may be desirable for longer link lengths. 

The optical signal of path 228 is generated from the 
optical signal of path 220, which is modulated by a 
phase modulator 222. The phase modulator 222 
receives an RF depolarizing signal via terminal 226 and 
line 224. The depolarizing signal is an out-of-band sig- 
nal, such as a single tone, tiiat rapidly scrambles the 
phase of the optical signal of patii 220 at a frequency 
(e.^., 2 GHz) which is well above the CATV t>and. Thus, 
within the CATV band (e.g. , 50 to 550 MHz), the optical 
signal of path 228 is effectively depolarized. The phase 
modulator 222 also bro^ens the linewidth of the optical 
signal to reduce Stimulated Brillouin Scattering (SBS). 

Accordingly, the optical signals of patiis 232 and 
214 will be incoherent relative to one another. Generally, 
since the same optical source drives both the primary 
modulator 212 and the error-correcting modulator 230. 
tiie relative coherence of the two signals at the coupler 
216 is crucial to the operation of the feed-forward linear- 
izer. To avoid optical interference at the coupler 216. the 
signals in tiie primary and error-correcting arms of the 
linearizer must therefore be combined incoherently. 

Furthermore, assuming that both tiie primary mod- 
ulator 212 and the error-correcting nnodulator 230 are 
biased at quadrature, the even order distortion conpo- 
nents introduced in the transmitted signal at path 218 
will be essentially negligible. Thus, tiie distortion inti-o- 
duced by the primary modulator 212 and compensated 
for by the error-correcting modulator 230 is predomi- 
nantly of odd order. The feed-forward approach, in prin- 
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cipte, allows for the correction of all orders of distortion, 
thereby allowing relatively large intensity OMIs, m. to be 
used in the RF data signal of line 256. 

However, in such applications, especially when the 
optical signal is at X=1.550 nm, the performance of the s 
fiber optic link is degraded by dispersion and self-phase 
modulation in the fiber. This is in addition to the phase 
modulation introduced by the primary modulator 212 
due to its own residual chirp. When a phase modulated 
optical signal travels along a dispersive medium, such io 
as an optical fiber, composite second order distortions 
(CSOs) are introduced at a level which is unacceptable 
for most CATV applications. Thus, altiiough the CSO at 
the transmitter end of the link is negligit)le, f Sser-induced 
CSO could be unacceptably large. Moreover, recent is 
studies have shown that this problem is worsened as 
the intensity OMI increases. Hence, a large intensity 
OMI may not be very desirable. In long distance applica- 
tions, therefore, fitter-induced CSO must be compen- 
sated. In accordance with tiie present Invention, the RF 20 
data signal-driven phase modulator 208 provides this 
required compensation. 

Moreover, the present invention provides an imple- 
mentation that is connpatible with commercially availa- 
ble external modulators such as. for instance, the Model 25 
m2420C Dual-Output Lithium Niobate Modulator, avail- 
able from AT&T Miaoelectronics of Breinigsville. Penn- 
sylvania. The Model m2420C modulator may be 
employed in the first optical path 206 of the linearizer 
200. It includes two SM A connectors, the first of which 30 
is conventionally used as a DC bias input, while the sec- 
ond is an RF signal input. In accordance with the 
present invention, the DC bias input is used instead for 
phase modulation, while the RF signal inpiit receives an 
RF data signal. 35 

Moreover, tiie second optical path 220 of the linear- 
izer 200 can use. for instance, the APE™ Dual Output 
Modulator for CATV Transmitters, availat)le from United 
Technologies Photonics of Bloomf ield. Connecticut. The 
APE includes a DC bias input, an RF signal input, a 40 
phase modulation input, and an optional photodetector 
output. The phase modulator is thus integral with the 
device, and is used conventionally for depolarization 
and SBS suppression as discussed at)Ove. 

Figure 3a is graph showing the reduction in CSO 45 
distortion as a function of frequency in accordance with 
the present invention. Fiber-induced CSO is shown as a 
function of RF data signal frequency with and without 
phase modulation (pre-chirping) of the external nrKKlula- 
tor in a feed-forward linearizer. A seventy-seven channel so 
NTSC plan is assumed. A f Bter optic link length of one 
hundred kilometers was also assumed, with an intensity 
OMI, m, of 4.5%. The solid, upper line 300 corresponds 
to the case with k=0 (no phase modulation), and the 
lower, dashed line 305 conrespond to the case with a ss 
phase OMlk=:-0-101. 

As shown, the CSO distortion increases with fre- 
quency. This is due to the fact that in the frequency 
domain, the upper channels are ferthest from the optical 



carrier and therefore cause greater dispersion. Thus, it 
would k>e sufficient in many cases to pre-chirp just the 
higher frequency channels, for example, from 300 to 
550 MHz. In this case. CSO distortion would remain 
under -60 dB. Advantageously, this would also ease the 
phiase balance requirement of the RF signal input to the 
PM 208 of Figure 2. In the actual implementation of pre- 
chirping, a filter (not shown) could be enployed on line 
252 of Figure 2 to pass the channels to be pre-chirped 
before providing the resulting signal to an anrplifier (not 
shown) and then to the PM 208. The provision of a filter 
would also ease the linearity requirement of the ampli- 
fier. 

Rgure 3b is graph showing the reduction in com- 
posite second order (CSO) distortion for a link length of 
L=100 km in accordance with the present invention. For 
an RF CATV signal at 547.25 MHz, various combina- 
tions of intensity OMI, m. and phase OMI. k. were con- 
sidered. As shown at line 310. with m^.025 {e.g., 
2.5%), and k=-0.056 (e.g., -5.6%), CSO is minimized for 
a link length of 100 km. 

Furthermore, it can be seen that, without optical 
phase modulation in accordance with the present inven- 
tion, large reductions in the intensity OMI, m, do not sig- 
nificantiy reduce CSO distortion. For example, at L=100 
km, with k=0, m=0.045 yields a CSO distortion of 
approximately -50 dB (line 320), while k=0, m=0.025 
yiekjs a CSO distortion of approximately -55 dB (line 
325). The inprovement is therefore only about 5 dB. 
Now, with m=0.025 and k=-0.056 (line 310), tfie CSO 
distortion is approximately -105 dB, resulting in an 
improvement of about 50 dB relative to the msO.025. 
k=0 case. 

Rgure 3c is graph showing the reduction in com- 
posite second order (CSO) distortion for a link length of 
1 15 km in accordance with the present invention. For an 
RF CATV signal at 547.25 MHz, CSO is minimized for a 
link length of 100 km with m=0.025, and k=:-0.061 (line 
330). 

Generally, the optical phase and intensity nxxJula- 
tion indexes, k and m. can be varied experimentally to 
arrive at an optimum solution. Detection and measuring 
equipment can be employed at the receiving end of the 
link to determine the effectiveness of various scenarios. 
For example, it may be desirable to determine k as a 
function of RF data carrier frequency (e.^., k=k(f)) to 
ot>tain an approximately constant CSO distortion for a 
given value of m. 

As can be seen, the present invention provkles a 
technique for reducing CSO distortion in an externally- 
modulated feed-fon«ard linearizer of a f toer optic link. In 
particular, the technique allows use of commercially 
available modulators to achieve this result, and com- 
pensates for f it>er dispersion caused by operation at a 
wavelength other than the optimal wavelength for which 
the fiber is deigned. In fact, CSO distortion levels 
would otherwise reach unacceptably high levels when 
an optical data signal is transmitted using a relativ^y 
large intensity optical modulation index over a long-dis- 
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tance fiber optic link. 

Although the invention has been described in con- 
nection with various specif embodiments, those skilled 
in the art will appreciate that numerous adaptations and 
modifications may be made thereto without departing s 
from the spirit and scope of the invention as set forth in 
the claims. 

Claims 

10 

1 . Apparatus for reducing distortion components in an 
RF data signal carried as an optical data signal in a 
fiber optic linK wherein said link comprises feed-for- 
ward linearization means including a primary mod- 
ulator in a first optical path, and an error-correcting i5 
modulator in a second optical path, said first and 
second optical paths carrying a common coherent 
optical power signal, said apparatus comprising: 

a phase modulator provided in said first optical 20 
path between said optical power source and 
saki primary modulator; 
first means including a first RF fine for providing 
said RF data signal to said phase modulator, 
such that said phase modulator is responsive 2S 
to a phase optical modulation index (OMI) k of 
said RF data signal for modulating the intensity 
of said optical power signal. 

2. The apparatus of daim 1 , further comprising: 30 

second means including a second RF line for 
providing said RF data signal to said primary 
modulator, such that said primary modulator is 
responsive to an intensity OMI m of said RF 3S 
data signal for modulating the intensity of said 
. optical power signal. 

3. The apparatus of claim 2, wherein sakI phase OMI 

k is adjusted based on the length of sakJ fiber optic 40 
link and said Intensity OMI m, 

4. The apparatus of one of the preceding claims, fur- 
ther comprising: 

45 

a filter coupled to said first RF line for filtering 
said RF data signal to provide components 
from an upper portion of the frequency spec- 
trum of said RF data signal to said phase mod- 
ulator, so 

5. The apparatus of one of the preceding claims, fur- 
ther comprising: 

a phase adjuster coupled to said first RF line ss 
for adjusting the phase of said RF data signal 
provided to said phase modulator; and 
an arrplitude adjuster coupled to said first RF 
line for adjusting the amplitude of said RF data 



signal provided to said phase modulator. 

6. The apparatus of one of the preceding claims, 
wherein said optical data signal is transmitted at a 
carrier wavelength of approximately 1,550 nm. and 
said fber optic link has a minimum dispersion 
wavelength of approximately 1,310 nm. 

7. The apparatus of one of the preceding claims, 
wherein said distortion components are conposite 
second order (CSO) distortion components. 

8. A feed-fbnn^ard iinearizer for reducing distortion 
components in an RF data signal carried as an opti- 
cal data signal in a fiber optk; link, comprising: 

input means for receiving a coherent optical 
power signal; 

a divkier for provkJing said optical power to a 
first optical path and a second optical path; 
a primary modulator in said first optical path; 
an error-correcting modulator in saki second 
optical path; 

a first phase nrxxlulator provkled in sakI first 
optical path between said divider and sakI pri- 
mary modulator; 

a second phase modulator provided in said 
second optical path between said divkier and 
saki error correcting modulator: 
a first RF line for providing said RF data signal 
to said first phase modulator; 
a second RF line for providing said RF data sig- 
nal to sakj primary modulator; 
a third RF line for provicfing said RF data signal 
to a combiner of a feed-fbnrvard circuit of said 
Iinearizer; 

a fourth RF line for providing an RF comparison 
signal from a detector responsive to an optical 
output of sakJ primary modulator to said com- 
biner; 

a fifth RF line for providing an error signal from 
sakI combiner to said error-correcting modula- 
tor; 

a sixth RF line for providing a depolarizing sig- 
nal to said second phase modulator; and 
an optical output coupler for receiving a first 
optical signal from said primary modulator via 
sakJ first optical path, and for receiving a sec- 
ond optical signal from sakI error-correcting 
modulator via said second optical path, to pro- 
vide said optical data signal for transmission 
over sakI fiber optic link. 

9. The apparatus of claim 8. further comprising: 

a filter coupled to said first RF line for filtering 
saki RF data signal to provide components 
, from an upper portion of the frequency spec- 
trum of said RF data signal to said first phase 
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modulator 



RF data signal for said phase modulating. 



10. The apparatus of one of claims 8 or 9. further com- 
prising: 

5 

a phase adjuster coupled to said first RF line 
for adjusting the phase of said RF data signal 
provided to said first phase modulator; andi 
an amplitude adjuster coupled to said first RF 
line for adjusting the amplitude of said RF data io 
signal provided to said first phase modulator. 

11. The apparatus of one of claims 8 to 10. wherein 
said optical data signal is transmitted at a carrier 
wavelength of approximately 1,550 nm. and said is 
fiber optic link has a minimum dispersion wave- 
length of approximately 1,310 nm. 

12. The apparatus of one of claims 8 to 11. wherein 
said distortion conrponents are composite second so 
order (CSO) distortion components. 

13. A method for reducing distortion components in an 
RF data signal carried in a fiber optic linK compris- 
ing the steps of: 25 

providing a coherent optical power signal in a 
first optical path and a second optical path; 
phase modulating said optical power-signal in 
said first path according to a phase optical 30 
modulation index (OMI) k of said RF data sig- 
nal: 

intensity-modulating said phase-modulated 
optical power signal in said first optical path 
according to an intensity OMI m of said RF data 35 
signal; 

depolarizing said optical power signal in said 
second optical patii; 

intensity-modulating said depolarized optical 
power signal in said second optical path in 40 
response to a feedforward linearization error 
signal; 

combining said intensity-nrxxlulated and phase 
modulated optical power signal of said first 
optical path with said depolarized and intensity- 4S 
modulated optical power signal in said second 
optical path to provide an optical data signal for 
transmission over said fiber optic link. 

14. The method of daim 13, wherein said phase OMI k so 
is adjusted k^ed on the length of said f ber optic 
link arxJ said intensity OMI m. 

15. The method of one of claims 13 to 14. comprising 
the further step of: ss 

filtering said RF data signal of said phase mod- 
ulating step to provide components from an 
upper portion of the frequency spectrum of said 



16. The method of one of claims 13 to 15. comprising 
the further step of: 

phase adjusting said RF data signal of said 
phase modulating step. 

17. The method of one of claims 13 to 16, comprising 
the further step of: 

amplitude adjusting said RF data signal of said 
phase modulating step. 

18. The method of one of claims 13 to 17, wherein said 
optical data signal is transmitted at a carrier wave- 
length of approximately 1 ,550 nm, and said fiber 
optic link has a minimum dispersion wavelength of 
approximately 1.310 nm. 

19. The method of one of claims 13 to 18. wherein said 
distortion components are composite second order 
(CSO) distortion conponertts. 
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(57) A phase modulator is provided in an externally 
modulated, feed-forward linearized, analog cable televi- 
sion (CATV) link for reducing fiber-induced composite 
second order (CSO) distortion components. The sys- 
tem is compatible with existing commercially available 
modulators. CSO distortion is caused, in part, by self- 
phase modulation of the transmitted signal in the fS>er 
optic link. The problem is particularly prevalent when 
data is transmitted at a wavelength other than the mini- 
mum dispersion wavelength of the f toer. Moreover, CSO 
distortion increases with the length of the fiber optic link 



arxl with the optical intensity modulation index of the pri- 
mary modulator of the link. The phase modulator modu- 
lates an optical signal which is provided to the primary 
mochjiator in accordance with an optical phase modula- 
tion index k of an RF data signal to be transmitted. The 
phase modulator is effective with f toer optic links of var- 
ying lengths which carry amplitude-modulated vestigial 
sideband (AM-VSB) data signals such as cable televi- 
sion (CATV) signalSw 
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